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Abstract

A new hydrometallurgical grouped actinide extraction process has been developed to separate the transuranic actinide ions from
dissolved spent fuel solution (after an initial uranium extraction cycle). This “EURO-GANEX” process is aimed towards the
homogeneous recycling of plutonium and minor actinides in a future closed fuel cycle. The separation process is based on the co-
extraction of actinides and lanthanides from aqueous nitric acid into an organic phase followed by selective co-stripping of
actinides. A suitable organic phase has been formulated and distribution ratios determined for lanthanides, actinides and some
problematic fission products under extraction and stripping conditions. The process flowsheet has been proven on surrogate feed
solutions as well as with spent fast reactor fuel; excellent recoveries of the actinides and good decontamination factors from the
lanthanides and other fission products were obtained. A variation on the EURO-GANEX flowsheet (the “TRU-SANEX” process)
has now been designed to produce separate Pu+Np and Am+Cm products for heterogeneous recycling. Progress on underpinning
process chemistry and safety studies as well as flowsheet tests are summarized.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ATALANTE 2016

* Corresponding author. Tel.: +44-19467-79000; fax: +44-19467-79007.
E-mail address: robin.j.taylor@nnl.co.uk.

1876-6196 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the organizing committee of ATALANTE 2016

doi:10.1016/j.proche.2016.10.073


http://crossmark.crossref.org/dialog/?doi=10.1016/j.proche.2016.10.073&domain=pdf

Robin Taylor et al. / Procedia Chemistry 21 (2016) 524 — 529

Keywords: GANEX; TODGA; plutonium; flowsheet

1. Introduction

One option for the management of used nuclear fuel is to reprocess the fuel so the actinides can be recycled and
residual high level waste immobilized for disposal. This closed fuel cycle may have significant benefits over the
direct disposal of used fuel due to the substantially improved utilization of resources and reduction in the footprint of
the disposal facility required. To fully realize potential benefits from the closed fuel cycle, however, requires the
introduction of fast reactors as well as significant improvements in reprocessing. Industrial scale reprocessing is
presently dominated by the PUREX process which was designed in the mid-20™ century to produce separate pure
uranium and plutonium products. Whilst the PUREX process has been hugely successful in reprocessing spent fuel
to date, it is unlikely to be acceptable in its current form in advanced closed fuel cycles due to concerns regarding
costs, environmental impacts, secondary wastes and proliferation. Radical improvements to the PUREX process
and/or alternative actinide separation processes are, therefore, subjects of international interest. In this regard, one
objective of the European Union’s 7" Framework Programme ACSEPT and SACSESS projects (2008-2012 and
2013-2016 respectively) was to develop a new hydrometallurgical based process that is aimed towards the
homogeneous recycling of plutonium and minor actinides (MA) in a fast reactor based fuel cycle. This grouped
actinide extraction (GANEX) process was expected to deliver benefits in process safety, waste management and
proliferation resistance whilst recovering all actinides for recycling 3.

2. Concept

The GANEX process assumes there is an initial uranium extraction process (GANEX-1) to reduce the heavy
metal content of the dissolved spent fuel solution and simplify separations on the highly active (HA) aqueous stream
4, The subsequent separation needs to fully recover all transuranic (TRU) actinides (present in oxidation states from
IIT to VI), preferably without use of redox reagents and using CHON molecules only. Ideally, this will be in a single
solvent extraction cycle and will be compatible with the use of small footprint centrifugal contactors that enable
intensified mixing and settling of phases. The concept selected is illustrated in Fig. 1. Basically, this involves co-
extraction of actinides and lanthanides from the GANEX-1 aqueous product, leaving the remaining fission products
in the aqueous raffinate, followed by selective co-stripping of actinides and finally lanthanide stripping, with the
solvent raffinate cleaned up before recycling back into the process. The fission product (HA) and lanthanide
containing raffinates are converted to suitable solid waste forms for disposal whilst the actinide product is converted
to an oxide ready for fuel manufacturing.

3. Process chemistry

The preferred solvent extraction system for the GANEX process was based on aqueous nitric acid and an organic
phase containing the ligand N,N,N’,N’-tetraoctyl diglycolamide (TODGA) that had previously been shown to have
many excellent properties for MA separations °. However, as the GANEX process is aimed towards reprocessing
thermal mixed oxide and fast reactor fuels, it needs to be capable of handling high concentrations of Pu, typically 5-
20 wt.%HM (HM: heavy metal), and early tests showed that TODGA had a very low capacity for Pu; indeed, a solid
precipitate formed at the solvent/aqueous interface. Various modifiers were tested before a suitable “GANEX
solvent” formulation of 0.2 mol/L TODGA and 0.5 mol/L N,N’-dimethyl-N,N’-dioctyl-2-(2-hexyloxyethyl)
malonamide (DMDOHEMA) was selected ®. This solvent was a compromise between high actinide/lanthanide
distribution ratios, loading capacity, physical properties and ease of backwashing extracted metal ions. The
boundary for third phase formation was shown to vary linearly with initial HNO3 concentration in the aqueous phase
and for 10 g/L Pu content in the feed solution, the concentration selected for demonstrating the process, the capacity
of the solvent was shown to be sufficient for aqueous phases <6 mol/L HNO; ".
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Fig. 1. Schematic of the overall GANEX process for spent fuel reprocessing showing GANEX-1 and EURO-GANEX solvent extraction cycles.

Distribution ratios for lanthanides and actinides (Pu, Am, Cm) into the GANEX solvent reach very high values
above 3 mol/L HNO; (>>100), the region anticipated for the extract section of a flowsheet 7. Lighter lanthanides are
less extracted than heavier ones though. The measured distribution ratios confirmed that under extract-scrub
conditions in a flowsheet the actinides and lanthanide ions will be efficiently extracted into the organic phase.

A number of fission and corrosion products (Fe, Sr, Tc, Mo, Ru, Zr, Pd) were identified as potentially as
potentially extractable in the GANEX process and their behaviours were examined in some detail, including the
determinations of distribution ratios at varying acidities ®. An effective aqueous phase “hold back” ligand, 1,2-
cyclohexanediaminetetraacetic acid (CDTA), was developed to inhibit the extraction of Zr and Pd °. Batch tests on a
HA raffinate (HAR) simulant showed that species such as Ag, Cs, Ni, Rb, Rh, Sn, Sb, Te and Cu were not extracted
but Sr, Fe, Mo, Ru, Tc and, to a lesser extent Se, Cd and Ba, were extracted. However, whilst Sr and maybe Mo
could be removed by low acid scrubbing, Tc and Ru extraction remained problematic. Possible Fe accumulation in
the extract-scrub section was also a concern and a capacity of 13 g/L. Fe at ~4 mol/L HNO; was obtained before
third phase formation. It was shown that iron extraction was primarily by DMDOHEMA whereas Tc extraction is
mainly due to TODGA.

As it can exist in three easily inter-convertible oxidation states in HNOs that have differing extractabilities into
organic phases, neptunium control in solvent extraction processes is known to be difficult, often leading to split
routing in flowsheets '°. Specific studies of the extraction of Np(IV), (V) and (VI) ions into the GANEX solvent
were, therefore, made, including some efforts into understanding the influences of the individual organic ligands,
TODGA and DMDOHEMA. Extraction into the GANEX solvent followed the order Np(IV)>>Np(VI)>>Np(V)
although even Np(V) exhibits distribution ratios >1 above 3 mol/L HNOs. Interestingly, Np(V) was shown to be
quickly disproportionated in the organic phase to Np(IV) and Np(VI), particularly at high acidities, and this was
suggested to be a feasible means of enhancing Np extraction !

Initial studies showed that acetohydroxamic acid (AHA) effectively backwashed Pu and Np at low acidities,
although Pu backwashing was very sensitive to acidity ® ''. Analogous to applications in an Advanced PUREX
process 2, Pu(IV) and Np(IV) are stripped by formation of hydrophilic AHA complexes whereas Np(VI) is stripped
by rapid reduction to Np(V) by AHA. Separation of trivalent actinides from lanthanides is more difficult and for this
purpose a novel aqueous phase sulphonated-bistriazinylpyridine (SO3-Ph-BTP) ligand was developed for
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applications in the GANEX process and the related innovative-SANEX process '3. Distribution ratios for the full
range of lanthanides plus Am and Pu were determined at trace metal concentrations with 0.02 mol/L SO3-Ph-BTP
and separation factors of >100 were obtained in nitric acid solutions below ~0.6 mol/L. With process level
concentrations of Pu (1-10 g/L), the distribution ratios and separation factors for Am, Pu and Eu (typical lanthanide)
were shown to be dependent on a range of factors (Pu and ligand concentrations, acidity and AHA concentration).
Data were accumulated to aid flowsheet design .

Extraction of acid by the organic phase needs to be well understood because it causes a decrease in free ligand
concentration, thus influencing metal ion extraction, and acid carryover in the organic phase can particularly affect
the efficiency of stripping operations that must be performed at low acidity. A model for nitric acid extraction into
TODGA, based on experimental distribution ratios, was first reported in '4 and refined in °. The model was fitted by
1:1 to 4:1 (HNO;3)«(TODGA), complexes and equilibrium constants were determined. The model was valid between
0.1-7 mol/L HNOs3 and 0.05-0.4 mol/L TODGA at ambient temperature. Additional HNOs distribution data with
DMODHEMA have now been accumulated and a model for the combined TODGA/DMDOHEMA solvent is under
evaluation.

As part of recent process safety and industrialization orientated studies, the radiolytic degradation of the organic
and aqueous phases are being investigated with two objectives: (i) determination of radiolytic degradation products
and their impacts on process performance and (ii) generation of hydrogen. As TODGA and DMDOHEMA are
amides, radiolysis ruptures the amidic C-N bond to give the corresponding amine and carboxylic acids '® 7. y-
radiolysis studies show that with doses >1000 kGy, there is a significant decrease in TODGA concentration and nine
degradation products have been characterized, all of which have low distribution ratios for Am and Eu. A protective
effect of nitric acid was found '®. Preliminary results suggest that hydrogen generation from a-radiolysis of the
organic phase is primarily linked to the alkane diluent rather than TODGA content of the solvent.

4. Flowsheet testing

Based on the process chemistry studies summarized above, flowsheets were designed and tested. Carrott et al.
reported a test on a surrogate feed solution that contained 10 g/L Pu as well as Np, Am, a range of lanthanides and
some other fission products '°. The flowsheet used CDTA in the extract-scrub to suppress Zr and Pd extraction and a
split actinide strip with feeds of:

1. 0.091 mol/L SO3-Ph-BTP + 1 mol/L AHA in 0.5 mol/L HNO; fed to stage 24
2. 0.018 mol/L SO3-Ph-BTP + 1 mol/L AHA in 0.5 mol/L HNOs fed to stage 28

Very good recoveries of Am and Pu were obtained but ~30 % Np was lost to the aqueous raffinate and ~7 % of
Eu (taken as a model lanthanide) was found in the actinide product. Modelling of the flowsheet using the PAREX
code % showed that profiles could be simulated reasonably well and thus PAREX was used to improve the flowsheet
design prior to a “hot test” with irradiated fuels. Specifically, the acidity of the aqueous feed (GANEX-1 product)
was raised to 5.9 mol/L HNOs to enhance Np extraction and the split actinide strip was consolidated into a single
strip solution of 0.055 mol/L SO3-Ph-BTP and 1 mol/L AHA in 0.5 mol/L HNO;.

The hot test used some legacy fast reactor carbide fuel from Dounreay that was initially oxidized and dissolved
before a U extraction cycle (GANEX-1) was run to produce the feed for the EURO-GANEX test. The feed was
adjusted to 10 g/L Pu, acidity increased to 5.9 mol/L and CDTA (0.055 mol/L) added. As the HA cell only
contained 16 stages of centrifugal contactors, the test was split into two parts: (i) extract-scrub and (ii) stripping.
Excellent results were obtained with >99 % recovery of transuranic actinides (Np, Pu, Am) in the actinide product
with <0.1 % contamination by lanthanides *!. Some key results from the hot and surrogate tests are compared in
Table 1.

As part of process safety investigations, a potentially severe maloperation of the extract-scrub flowsheet (Fig. 2)
was identified using a systematic safety review process developed under the SACSESS project ?? in which the scrub
acidity is reduced by a factor of 10. This maloperation was tested experimentally and the flowsheet was shown to be
robust to hazardous Pu accumulations.

Recently, a variation of the EURO-GANEX flowsheet has been reported in which separate strip sections using
AHA and SO;-Ph-BTP are employed to produce separate Pu+Np and MA (Am+Cm) products 2*. The flowsheet was
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tested using a surrogate feed solution and generally performed well, comparable to the EURO-GANEX flowsheet
tests. There was a small amount of cross contamination between Pu+Np and MA products but this was not
considered significant. This option (termed “TRU-SANEX” as it also similar to the innovative-SANEX process %)
enables application of the GANEX process to heterogeneous recycling scenarios and addresses one criticism of the
GANEX process — that it produces a transuranic product stream that is relatively large due to the Pu content but
would need to be handled remotely in the downstream fuel fabrication plant due to the presence of highly
radioactive Cm. This issue incidentally, highlights, a need to develop future closed fuel cycles in an integrated
fashion rather than different parts of the cycle optimizing their operations in isolation.

Table 1. Comparison of surrogate and hot EURO-GANEX flowsheet tests.

Surrogate test Hot test

Pu recovery in extract-scrub (%) 99.999 99.99
Am recovery in extract-scrub (%) 99.99 99.99
Np in HAR (%) 29 0.07

Np in TRU actinide product (%) 41.7* 99.91
Ln in TRU actinide product (%) 6.7 (based on Eu) 0.06

Am in TRU actinide product (%) 99.4%* 99.90
Pu in TRU actinide product (%) 99.99** 99.85

*Low Np recovery is due to low mass balance of 66 % reported in '’; this was attributed to Np accumulation in the extract-scrub section).

**Calculated with respect to mass balance across products and raffinates

GANEX
solvent feed ----- S - - - - > TRU+Ln
1 12 13 186 .
HAR D <€— Scrub acid
0.5 mol/L HNO,
HA feed
10 g/L Pu+MA+FPs
5.9 moliL HNO,
0.055 mol/L CDTA

Fig. 2. EURO-GANEX extract-scrub flowsheet as configured for the hot test.
5. Conclusions

Significant progress has been made towards the design of a GANEX process capable of recycling spent nuclear
fuels containing high levels of Pu as well as minor actinides. Further efforts to optimize the flowsheet design and
understand the basic process chemistry, as well as process safety studies, are ongoing but there are promising
indications that the EURO-GANEX or TRU-SANEX processes (when coupled to an initial uranium extraction
cycle) could eventually become viable alternatives to the established PUREX process for fuel reprocessing in future
closed fuel cycles.
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